Bacteria coordinate their behavior using quorum sensing (QS), whereby cells secrete diffusible signals that generate phenotypic responses associated with group living. The canonical model of QS is one of extracellular signaling, where signal molecules bind to cognate receptors and cause a coordinated response across many cells. Here we study the link between QS input (signaling) and QS output (response) in the ComQXPA QS system of Bacillus subtilis by characterizing the phenotype and fitness of comQ null mutants. These lack the enzyme to produce the ComX signal and do not activate the ComQXPA QS system in other cells. In addition to the activation effect of the signal, however, we find evidence of a second, repressive effect of signal production on the QS system. Unlike activation, which can affect other cells, repression acts privately: the de-repression of QS in comQ cells is intracellular and only affects mutant cells lacking ComQ. As a result, the QS signal mutants have an overly responsive QS system and overproduce the secondary metabolite surfactin in the presence of the signal. This surfactin overproduction is associated with a strong fitness cost, as resources are diverted away from primary metabolism. Therefore, by acting as a private QS repressor, ComQ may be protected against evolutionary competition from loss-of-function mutations. Additionally, we find that surfactin participates in a social selection mechanism that targets signal null mutants in coculture with signal producers. Our study shows that by pleiotropically combining intracellular and extracellular signaling, bacteria may generate evolutionarily stable QS systems.
Bacteria coordinate their behavior using quorum sensing (QS), whereby cells secrete diffusible signals that generate phenotypic responses associated with group living. The canonical model of QS is one of extracellular signaling, where signal molecules bind to cognate receptors and cause a coordinated response across many cells. Here we study the link between QS input (signaling) and QS output (response) in the ComQXPA QS system of Bacillus subtilis by characterizing the phenotype and fitness of comQ null mutants. These lack the enzyme to produce the ComX signal and do not activate the ComQXPA QS system in other cells. In addition to the activation effect of the signal, however, we find evidence of a second, repressive effect of signal production on the QS system. Unlike activation, which can affect other cells, repression acts privately: the de-repression of QS in comQ cells is intracellular and only affects mutant cells lacking ComQ. As a result, the QS signal mutants have an overly responsive QS system and overproduce the secondary metabolite surfactin in the presence of the signal. This surfactin overproduction is associated with a strong fitness cost, as resources are diverted away from primary metabolism. Therefore, by acting as a private QS repressor, ComQ may be protected against evolutionary competition from loss-of-function mutations. Additionally, we find that surfactin participates in a social selection mechanism that targets signal null mutants in coculture with signal producers. Our study shows that by pleiotropically combining intracellular and extracellular signaling, bacteria may generate evolutionarily stable QS systems.
social interactions | social evolution B acteria secrete and share quorum-sensing (QS) signaling molecules that bind to specific receptors, and upon reaching critical concentration induce cell density-dependent adaptive responses within the population (1) . In Gram-positive bacteria small peptide QS signals are typically produced from oligopeptide precursors that are modified by a signal-processing enzyme before they are secreted from the cell. It is assumed that these bacteria secrete QS signals during growth, and then in the stationary phase when the signal threshold concentration is reached, the signals activate specific histidine kinase receptors. These activate specific response regulators through phosphotransfer, which then initiate a QS response (2) . The QS response often involves expression of adaptive extracellular factors (such as food-degrading enzymes, virulence factors, antibiotics, or biosurfactants) that are considered public goods (3, 4) , as they can be shared within the population. Recently, however, it was shown that the QS of Gramnegative bacteria may also regulate adaptive metabolic pathways that produce molecules that remain private as they are not secreted by the responsive cells (5) .
The ComQXPA QS system of Bacillus subtilis is a typical QS system of Gram-positive bacteria that controls expression of nearly 200 genes, including both extracellular and private cellular factors (6) . This QS system involves four proteins: the ComQ isoprenyl transferase, the ComX signal peptide, the ComP histidine kinase, and the ComA response regulator. The signaling peptide ComX is initially synthesized as a 55-residue propeptide and then processed and modified by the isoprenyl transferase ComQ (7, 8) . The isoprenylated ComX is then secreted (7, 9) and upon reaching the critical concentration, it activates autophosphorylation of the membrane-bound ComP, which then phosphorylates the transcriptional activator ComA (10) . Phosphorylated ComA directly modulates the expression of various genes, including the srfA operon (6, 11) needed for nonribosomal synthesis of the major lipopeptide antibiotic surfactin (12) . Surfactin is also one of the most effective biosurfactants discovered so far (13) (14) (15) ; it can penetrate cell membranes of various bacteria (16), inhibit surface adhesion of different pathogens, and act as an antiviral (17, 18) or hemolytic agent (18) . As surfactin is secreted and affects nonsecretors (19) , it can be considered a public good (3, 4) .
In this study we use a model ComQXPA system of B. subtilis to test the coregulation of the QS input (signaling) and QS output (response). We do this by coculturing signal-deficient mutants with signal-producing wild-type cells or by culturing the strains in the presence of purified ComX, and by monitoring the expression of surfactin we evaluate the QS response. We provide the first evidence that QS signal-deficient mutants have an overactive QS response in the presence of the exogenously provided signal that results in overproduction of public goods and a dramatic loss of fitness. In addition, we show that these mutants have a disturbed balance between primary and secondary metabolism indicating that QS regulates the well being of growing bacteria and of those entering the stationary phase. Finally, we reveal that both signal and surfactin production contribute to QS stability in B. subtilis.
Significance
In a social process called "quorum sensing" (QS) bacteria secrete and share signaling molecules that bind to specific receptors and induce adaptive responses within the population. We use the ComQXP QS system of Bacillus subtilis to study the intracellular codependence of two essential QS functions: signal production and signal response. We demonstrate that the QS signal-deficient mutants have an overly responsive QS system, a disturbed balance between primary and secondary metabolism, and an overproduction of the secondary metabolite surfactin in the presence of exogenously provided signal. Such mutants fail to compete with the socially active signal producers due to surfactin-related mechanisms that discriminate the two populations. We believe that a constraint on signal production preserves QS functionality in the natural microbial populations. 
Results
The QS Wild Type and QS Signal-Deficient Mutant Have Different QS Response Dynamics. The ComX-dependent QS response (measured as srfA expression) is induced at the beginning of the stationary phase (20, 21) . We investigated the dynamics of srfA expression in the QS proficient (QS + ) B. subtilis BD4720 (srfAyfp) and QS signal-deficient (QSS − ) B. subtilis BD4729 (srfA-cfp) strains. The latter strain carries a mutation in comQ, which is responsible for signal processing and modification. Both strains, QS proficient and signal deficient, showed very similar growth kinetics (Fig. S1A ) but differed significantly in their QS response (Fig. 1A) . The QS response of the signal-producing population was already induced during the overnight growth. After inoculation into fresh medium, expression decreased transiently and was induced again at 4 h, reaching a maximum after incubation for 8 h (during the late stationary phase). The isogenic strain with a different fluorescent fusion, B. subtilis BD4726 (srfA-cfp), gave a comparable result (Fig. S2A) , showing that the difference between the QS-proficient B. subtilis BD4720 (srfAyfp) and QS signal-deficient B. subtilis BD4729 (srfA-cfp) is not due to the different fluorophore. The QS response of the QS signaldeficient mutant, however, remained very low throughout the same incubation period, confirming the ComX-dependent expression of srfA (Fig. 1A) .
Next we monitored growth and the QS response in cocultures of ComX signal-producing and signal-deficient cells mixed in a 1:1 ratio. The growth kinetics of the two strains in coculture were similar (Fig. S1B ). Signal producers showed very similar relative QS response dynamics in monoculture and in coculture, but after incubation for 5 h the signal-deficient population showed a twofold higher relative QS response in terms of srfA expression than the signal producer (P < 0.0001). This difference in the relative QS response was lost after incubation for 8 h (Fig.  1B) . These results were confirmed in cocultures containing two strains with switched fluorescent markers (Fig. S2B) . Additionally, when two QS-proficient strains were labeled with different fluorescent fusions [B. subtilis BD4720 (srfA-yfp) and BD4726 (srfA-cfp)] and cocultured in a 1:1 ratio, the QS response dynamics of both strains were highly comparable ( Fig. S2C ), suggesting that the observed responses are not due to the intrinsic properties of the fluorescent proteins.
The Signal-Deficient Mutant Is Overly Sensitive to Exogenous ComX.
The results described above for 1:1 cocultures indicated a difference in the QS response dynamics of the QS signal-producing and signaldeficient populations. We speculated that signal-producing and signal-deficient strains may differ in their sensitivity to ComX. Therefore, the responsiveness of the ComX signal-producing (BD2833) and signal-deficient (BD2876) strains tagged with the srfA-lacZ reporter fusion was assessed during exposure to different concentrations of the purified ComX. Indeed, the signal-deficient strain was more responsive to exogenous ComX than the QS signal-producing strain at all fractions tested (0.005-0.05) and was fourfold (P < 0.000001) more responsive with the 0.05 fraction, estimated to contain ∼10 nM ComX ( Fig. 2A ). This concentration corresponds to the saturating levels of ComX produced by the QS-proficient strains (7) . In a complementary approach, the 0.05 fraction of exogenous ComX was added to the monocultures of the fluorescently labeled signal-producing strain BD4726 (srfA-cfp) and signal-deficient strain BD4729 (srfA-cfp) and the QS response was measured during growth. At all time points the fluorescence of the QS signal-deficient mutant grown with exogenous ComX was higher than that of the signal producer, which even showed a small decrease in fluorescence in the presence of exogenous ComX (Fig. S3A) . Exchange of fluorescent reporters did not influence the results (Fig. S3B ) and confirmed the greater sensitivity of the signal-deficient mutant to ComX. Despite the pronounced difference in the ComX-induced srfA response, the specific growth rates of the signal-producing and signal-deficient strains were not significantly different (Fig. S3C ).
QS Signal Induces Dramatically Higher Surfactin Secretion in Undo-
mesticated Signal-Deficient B. subtilis. We next hypothesized that the increased srfA expression observed in the domesticated signal-deficient mutant would translate into increased secretion of surfactin in the mutant derived from the undomesticated isolate B. subtilis PS-216 (22) that, unlike the domesticated strain, synthesizes and secretes surfactin in response to ComX. To compare surfactin secretion in the PS216 (srfA-cfp) and signal-deficient PS216ΔcomQ (srfA-cfp) mutants, we took advantage of the hemolytic property of this lipopeptide antibiotic (18) and measured its activity in spent medium of the four experimental variants described above: PS216 signal-producer alone, signal-producer with added ComX, signal-deficient mutant B. subtilis PS216ΔcomQ, and signal-deficient mutant with added ComX. Indeed, the spent medium taken from the signal-deficient mutant grown in the presence of ComX produced at least a twofold (P < 0.0006) stronger hemolytic activity at several time points during the growth than the signal-producing B. subtilis PS216 grown in the presence or absence of ComX (Fig. S4A) .
To further link the hemolytic activity to surfactin itself, the concentration of this lipopeptide antibiotic was determined by reverse-phase HPLC in the supernatant of all four experimental variants. Chromatographic peaks corresponding to peaks of commercially available surfactin standard were evident in all experimental variants except the B. subtilis PS216ΔcomQ culture without added ComX. Again, concentration of surfactin was highest in the supernatant of the PS216ΔcomQ strain with added ComX, reaching almost 80 μM after 8 h (Fig. 2B and Fig. S4B ). In contrast, the signal-producer PS216 with and without ComX produced only up to 10 μM of surfactin at the same time (P < 0.02) (Fig. 2B and Fig. S4B) . Similarly, addition of ComX to the signal-deficient PS216ΔcomX mutant resulted in increased surfactin production ( Fig. S4 C and D) . This mutant has the crucial tryptophan residue changed to alanine (8) and is unable to produce an active ComX, but has an intact ComQ protein. This result indicates that the synthesis or/and secretion of active ComX is important for modulation of the QS response. Surprisingly, total fluorescence of srfA-cfp in the PS216ΔcomQ background with exogenous ComX (Fig. 3A) was comparable with that of the QS-proficient PS216, which is different from that of domesticated strains. Only PS216 produces surfactin and it was proposed recently that surfactin negatively regulates its own expression (19) , which may explain the observed difference in the srfA-expression pattern between domesticated and PS216 derivatives. Interestingly, single-cell microscopy analysis revealed that, despite similar cumulative fluorescence of PS216 and the signal-deficient derivative PS216ΔcomQ in the presence of ComX, the distributions of srfA expression differed between the two strains: in PS216 30 ± 7% of cells did not express srfA-cfp regardless of ComX exposure, but only 14 ± 1% of the mutant population remained uninduced in the presence of ComX (Fig.  S5 A-C) .
Increased Synthesis of Surfactin Is Associated with Loss of Fitness of
Undomesticated, Signal-Deficient B. subtilis. We further investigated whether the increased surfactin production observed for the undomesticated PS216ΔcomQ strain in the presence of ComX is associated with the negative fitness effects. We hypothesized that these effects might be either due to autotoxicity or metabolic burden. To test both hypotheses, we first monitored the growth of the signal-producing B. subtilis PS216 and the signal-deficient PS216ΔcomQ mutant in the presence and absence of exogenously added ComX. The growth curves of the signal-producing and signal-deficient monocultures were very similar in the absence of exogenously added ComX, despite the fact that the former produced ComX and surfactin in response to it (Fig. 3C) . In contrast, growth of the signal-deficient mutant PS216ΔcomQ was negatively affected by the presence of exogenous ComX with a 20% (P < 0.002) decrease in the growth rate (Fig. 3C) . Similarly, negative fitness effects were observed for PS216ΔcomX, which also showed increased surfactin production (Fig. S4E) .
To further confirm the role of srfA in the ComX-mediated growth breakdown of the mutant, we constructed the PS216ΔcomQΔsrfA double mutant, which was not able to synthesize ComX or surfactin, and monitored its growth in the presence of exogenous ComX (Fig. 3D) . In contrast to PS216ΔcomQ, no dramatic fitness effect was observed for the PS216ΔcomQΔsrfA double mutant, strongly supporting the hypothesis that increased synthesis of surfactin in the undomesticated signal-deficient mutant exerts a negative fitness effect (Fig. 3D) .
Additionally we tested the influence of the exogenous ComX on the PS216ΔcomQXP mutant, which was both signal deficient (due to ΔcomQ or ΔcomX) and receptor deficient (due to ΔcomP). No ComX-dependent negative fitness effect was observed in the absence of the ComP receptor, confirming that the srfA expression in the signal-deficient mutant was induced by a specific ComX-ComP interaction and that overproduction of surfactin is responsible for the negative fitness effect in monoculture (Fig. S4F) .
Primary/Secondary Metabolic Imbalance as a Cost of Being Signal
Deficient. Next we investigated the mechanism of surfactindependent growth inhibition in signal-deficient mutants overproducing surfactin. This effect might be due to membrane damage induced by surfactin, as it was shown that high concentrations of this lipopeptide antibiotic may induce death of B. subtilis cells (23) . To examine this hypothesis we used a commercially available staining kit, LIVE/DEAD BacLight (Molecular Probes Europe), and determined the number of damaged cells in signalproducing and signal-deficient B. subtilis cultures in the presence and absence of exogenous ComX at three time points. The PS216ΔcomQ population, which did not produce surfactin, contained the lowest number of damaged cells, ∼10%. The highest proportion of damaged cells (33 ± 17% to 49 ± 12%) was detected at 4 and 6 h for both the signal-producing and signaldeficient cultures grown in the presence of exogenous ComX (Fig. S6A) . Interestingly, after 8 h only 10% of damaged cells remained in all cultures, indicating decreased sensitivity to surfactin in the late stationary phase (8 h) (Fig. S6A) . The percent of damaged cells was similar for the QS + and the signal-deficient (QSS − ) populations supplemented by ComX, indicating that antimicrobial effects of surfactin are not responsible for the surfactindependent growth deceleration observed only in the signaldeficient population. Therefore, the negative fitness associated with high production of surfactin might be associated with metabolic overinvestment of the mutant in the stationary phase and possibly decreased investment in primary, growth-supporting metabolism. To look closer into this prediction, we evaluated the role of QS in primary metabolism using a dehydrogenase activity assay, which is routinely used for this purpose (24) . Indeed, in the absence of ComX the signal-deficient PS216ΔcomQ mutant showed a strong increase in dehydrogenase activity, which dropped dramatically and below the levels observed for the QS + PS216 strains, if the mutant was exposed to ComX (Fig.  3B) . The dehydrogenase assay performed for other mutants (lacking the ComP receptor, the receptor and the signal, or just the srfA gene) revealed that signal production and surfactin production are both required to preserve moderate primary metabolic activity. ComX could decrease this activity only in the signaldeficient strain with an intact ComP receptor, but not in strains where either the comP or the srfA genes were missing (Fig. S6B) . This strongly supports the role of the ComQXP QS system in coupling primary and secondary metabolism. On the basis of the results described above we hypothesized that the signal-deficient mutant PS216ΔcomQ will fail in competition with the QS wild-type PS216, because it would suffer from negative fitness effects when facing the QS signal produced by the wild type. Consistent with this hypothesis, the proportion of the signal-deficient derivative PS216ΔcomQ in a 1:1 coculture with the signal-producing B. subtilis PS216 was reduced to 10% (P < 0.002) after incubation for 8 h, indicating a significant advantage of the wild-type signal producer (Fig. 4A) . We next examined the fitness of the double-mutant PS216ΔcomQΔsrfA that did not show fitness loss when exposed to ComX in monoculture (Fig. 3C ) and surprisingly we discovered that it was also outcompeted by the wild type, comprising less than 10% (P < 0.001) of the community after incubation for 8 h (Fig. 4B) . To explore this phenomenon further we excluded surfactin expression from the system by challenging the mutant in surfactin production (PS216ΔsrfA) against the double mutant (PS216ΔcomQΔsrfA). PS216ΔsrfA did not show any changes in fitness against parental strains with the intact srfA gene (Fig. S7 A and B) and the ratio of PS216ΔsrfA mutant and the signal-deficient double-mutant PS216ΔcomQΔsrfA did not change dramatically, with 44 ± 3% of the double mutant remaining in the coculture after incubation for 8 h (Fig. 4D) . This confirmed the role of surfactin in dominance of the wild-type population over the double mutant, which was further confirmed when the coculture was supplemented with exogenous surfactin (final concentration 20 μg/mL), again reducing the ratio of PS216ΔcomQΔsrfA from 52 ± 4% to 19 ± 3% (Fig. 4E) . Interestingly, despite surfactin being associated with the disadvantage of the signal-deficient double mutant (PS216ΔcomQΔsrfA) in coculture, this lipopeptide antibiotic did not strongly influence growth of the double mutant in monocultures. A slight decrease in optical density was only observed in surfactin-treated double mutant after 6 and 8 h of incubation, but not during logarithmic growth (Fig. S7D) . This suggests that surfactin, produced by the wild type or added to the coculture predominantly indirectly contributes to fitness loss of the double mutant and that the presence of the QS-proficient population is required to observe a strong negative fitness effect on the signaldeficient double mutant (PS216ΔcomQΔsrfA). However, surfactin itself also shows a minor direct negative effect on the double mutant during stationary phase, which may at least in part account for the difference in fitness during competition between the surfactin producer and the double mutant.
The question that remains is whether the fitness loss of the signal-deficient mutant PS216ΔcomQ is linked to surfactin overproduction, observed in monocultures grown in the presence of exogenous ComX. We believe this mechanism does contribute to the fitness loss of PS216ΔcomQ when challenged with QSproficient populations. For example, in the coculture containing the surfactin-deficient PS216ΔsrfA that produces ComX and the signaling mutant PS216ΔcomQ, the ratio of the latter decreased from 48 ± 2% to 16 ± 2% after 8 h (Fig. 4C) . This is consistent with the hypothesis that surfactin overproduction adds to fitness loss of the signaling mutant. Therefore, two surfactin-dependent mechanisms may exist: a direct mechanism related to surfactin overproduction and an indirect mechanism when the competitor produces surfactin, reducing the fitness of the signaling mutant through an as-yet-unknown mechanism. Both mechanisms may contribute to the social selection that preserves the functionality of the QS in the natural populations of B. subtilis (Fig. 5) .
Discussion
In this study we use the ComQXPA model system of B. subtilis to evaluate the intracellular codependence of two essential QS functions: signaling and response. We show that when the responder does not produce its own signal, the QS response is significantly increased in comparison with the response of the signal-producing strain. The accurate QS response therefore requires both sufficient ComX, which is secreted from the cell, and an intracellular signal that is ComQ dependent. Our work provides unique evidence that fine tuning of the QS response is linked to signal production and its ComQ-dependent modification at the posttranslational level. This regulation may depend on physical interactions between ComQ and ComX or even ComQ, ComX, and ComP. However, a precise understanding of these interactions awaits further study.
In domesticated comQ strains the increased QS response was visible at the level of srfA transcription, which dramatically increased in the presence of ComX. A small decrease in srfA expression in the presence of exogenous ComX observed for the domesticated signal-proficient strain suggests negative feedback regulation as an intrinsic property of the ComQXPA system. It additionally indicates that the structural integrity of the ComQXPA system is sufficient to prevent overresponse. In undomesticated PS216ΔcomQ mutants the effect was also detectable at the level of surfactin synthesis, which was significantly higher than in QS wild-type controls. In addition, we observed that a higher fraction of comQ cells activated srfA gene transcription in the presence of ComX than in the undomesticated QS + strains. Bimodal expression of srfA in undomesticated strains was reported previously (19) and was suggested to lead to phenotypic differentiation of the Bacillus population and a division of labor that provide fitness benefits (25) . Our results show that the private link between signal production and QS response also has consequences for bimodal expression of srfA in the B. subtilis population. Recently it was reported that in Salmonella, which shows bimodal expression of virulence, the existence of an avirulent subpopulation is essential for the fitness and evolutionary stability of virulence (26) . A similar mechanism may decrease the cost of surfactin production in B. subtilis populations where only a fraction of cells express surfactin. In fact, under our experimental conditions, synthesis of surfactin was not charged with any obvious fitness costs as the growth of the QS + wild type was very similar to that of the signaling mutant when no exogenous signal was added. However, this changed dramatically when signal was added to the comQ mutant, decreasing the fitness of the mutant. Therefore, generating a higher proportion of surfactin producers may have significantly contributed to the fitness loss of the mutant. Another mechanism that may decrease the fitness cost is related to prudent regulation of public goods in Pseudomonas aeruginosa (27) . Production of rhamnolipid biosurfactant is limited to the stationary phase and thus free of fitness charges, but release of biosurfactant production from QS control (using an inducible promoter for its induction) resulted in its imprudent production and fitness loss (27) . In B. subtilis, surfactin is also produced during the stationary phase, but in signal-deficient mutants this prudency is lost due to overproduction of surfactin. Whereas signal-deficient mutants are common among certain bacterial species such as P. aeruginosa (28-30), they have not been detected among more than 60 strains of B. subtilis isolated from various environments (9, 22, 31, 32) . Our data offer an explanation for this observation. The private repressive QS effect of signal production identified in our system means that signalnull mutants effectively behave as hyper-cooperators with respect to surfactin production. The result is that mutants fare poorly in cocultures with the wild type and their ratio significantly decreases within only a few hours. The private regulatory link between signaling and response may therefore mean that signal-deficient mutants are rapidly lost from native populations of B. subtilis.
Moreover our results show that surfactin itself, when produced by the competitor, is indirectly involved in the fitness loss of the signaling mutant. This mechanism negatively affects the signaldeficient mutants even if they are released from the ComXdependent disadvantage of surfactin overproduction (e.g., in the double-mutant PS216ΔcomQΔsrfA). This is consistent with current knowledge that surfactin serves as a signaling molecule that triggers cannibalism in the B. subtilis population (33, 34 (5) recently argued that private effects in the QS response can limit the evolution of QS receptor null mutants in P. aeruginosa. Here we show that similar pleiotropic constraints exist at the level of signal production.
How did the pleiotropic constraint on signal loss arise? It could be that the private effect of the signal evolved specifically because it limits the potential for loss-of-function mutations. More likely, the private effect evolved to improve the regulatory performance of the QS system, which then serendipitously helped ensure its evolutionary stability. Whatever the situation, it is clear that signal production now plays an important role in regulating secondary metabolism and other traits related to the response of the population to surfactin. We found that the fitness loss of the signal-deficient mutant is due to the metabolic burden linked to production of a secondary metabolite, surfactin, rather than due to the autotoxicity of surfactin. In addition, these mutants showed increased primary metabolic activity in the absence of the signal but decreased primary metabolism in its presence, emphasizing the link between QS and primary metabolism. Finally, fitness loss of the signal-deficient mutant is caused by the second, surfactin-linked mechanism that acts even in the absence of metabolic constraint. The signal-null, doublemutant PS216ΔcomQΔsrfA, which does not bear the metabolic burden of surfactin overproduction, still fails to compete with the QS wild type, probably due to as-yet-unknown mechanism governed by the surfactin itself. This surfactin-dependent mechanism, which is able to differentiate between the ComX signal producers and nonproducers, again represents the very strong evolutionary pressure for preservation of QS signaling in B. subtilis.
This work shows that the intracellular production of the QS signal can act as a private good that acts to limit cooperation of expressing cells. Inactivation of this switch results in overinvestment in secondary metabolism, and increased sensitivity to surfactin-mediated punishment, making the signaling mutant less fit to compete with the socially active wild-type populations. We believe that such constraints on signal production promote QS functionality in natural populations and account for a unique mechanism that preserves cell-cell communication.
Methods
Bacterial Strains and Growth Conditions. Strains used in this study and construction of their mutant derivatives are described in Tables S1 and S2.
Growth Conditions. Growth experiments were performed in competence medium supplemented with L-histidine, L-leucine, and L-methionine (50 μg·mL -1 ) as described previously (36) . Overnight cultures were grown at 37°C in 50-mL tubes (Duran) containing 5 mL LB broth with vigorous shaking (200 rpm) and were supplemented with chloramphenicol (5 μg·mL (C) Signal-deficient mutant suffers from fitness loss when cocultured with the QS + strain due to a ComX-mediated mechanism and possibly due to another mechanism that depends on surfactin. (D) The surfactin-dependent mechanism leads to the fitness loss of the QSS − A − double mutant when it is cocultured with the surfactin-producing QS + strain.
